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INTRODUCTION The Role of HIV-1 Nef in Progression to AIDS
Human immunodeficiency virus type 1 (HIV-1) establishes a chronic infection in humans that ultimately leads to the demise of the immune system. The clinical manifestations of AIDS are caused by the decline of circulating CD4 ϩ T cells (to Ͻ200 cells/l blood), which in turn leads to increased susceptibility to opportunistic infections. When the viral load, or number of viral genomes present in the blood, is monitored over the course of HIV infection, a classic disease progression profile emerges: shortly following an exposure, the viral load rises sharply in the blood, until the host acquires HIV-specific cytotoxic T lymphocytes (CTLs) and anti-HIV antibodies; the viral load then settles out to a low-level equilibrium value, termed the viral set point. The relative value of the set point correlates with the rate of progression to AIDS (i.e., a high viral set point typically results in a rapid disease course, and vice versa) (108) . Thus, knowledge of the interplay between cellular and viral factors involved in the maintenance of the set point is critical to the understanding of disease progression.
The HIV accessory protein Nef has been extensively studied and appears to be a key determinant for viral pathogenesis. One striking example of the pathogenic potential of Nef is a cohort infected with an aberrant HIV strain that contained a large deletion in the nef open reading frame. These individuals, designated long-term nonprogressors, have not displayed the typical clinical manifestations of AIDS (45) , although after an extended time (14 to 18 years) some have shown some reduction in CD4 counts, consistent with the effects of HIV disease (19, 90) .
In addition, rhesus macaques infected with an engineered strain of simian immunodeficiency virus (SIV) that lacked a functional Nef protein (SIV⌬Nef) also did not progress to clinical disease in a timely fashion (85) . In fact, SIV⌬Nef strains have been proposed as candidates for vaccination trials with live attenuated vaccine in the simian model system. While this virus does provide some immune protection against challenge with wild-type virus (40) , it can also sometimes cause AIDS itself, particularly in neonatal macaques (8, 9) . Thus, while Nef significantly enhances the ability of HIV to induce AIDS, other HIV factors clearly contribute to the development of disease.
General Properties of HIV-1 and SIV Nef Proteins
Primate lentiviruses have evolved to encode multifunctional accessory proteins that manipulate host biology to promote the viral life cycle. The accessory protein Nef was originally named because it was thought to be a negative factor that inhibited viral replication (29) ; however, it has become clear that Nef positively affects viral replication and infectivity (109, 110) . The HIV-1 and SIV Nefs are small (25-to 34-kDa), myristoylated proteins that reside both in the cytoplasm and in association with the cytosolic face of cellular membranes (48) . To date, no enzymatic activity has been directly attributed to the Nef protein; however, extensive studies of Nef biology have revealed several conserved motifs that mediate physical association with cellular factors. Consequently, Nef has been hypothesized to function as a molecular adaptor, altering cellular pathways via multiple protein-protein interactions. Indeed, Nef is able to modulate diverse cellular functions such as protein trafficking events, signal transduction cascades, and apoptotic pathways.
Nef is a relatively extended protein containing a large degree of solvent-exposed surface area with several disordered regions (55) . Because of this property, it has been difficult to obtain an accurate three-dimensional structure of the full-length protein.
However, the structure of the globular core domain (amino acids 54 to 205 [unless otherwise noted, all amino acid numbering in this paper refers to the NL4-3 Nef allele]) of Nef has been solved using X-ray crystallography (4, 53, 92) and nuclear magnetic resonance (NMR) (53, 67) . Additionally, the structure of the N-terminal anchor domain has been solved using NMR spectroscopy, and it appears that this domain adopts a relatively unstructured conformation that becomes partially ordered upon the addition of an N-terminal myristyl group (57) . Geyer and colleagues used these known structures to assemble a structural prediction of the conformation of the full-length Nef polypeptide (58) . This model predicts that the surface of Nef consists of a linear array of potential proteinprotein interaction domains and that this surface is quite flexible (Fig. 1) . Interestingly, it has been speculated that the overall flexibility of Nef enables the protein to switch between multiple conformations and that the structural organization of Nef may be dictated by its binding partner(s) (for a review, see reference 6).
In addition to HIV-1, HIV-2 and SIV also carry the Nef gene, and while several regions are highly conserved, there are also many distinctions. As is evident from Fig. 1 , the core domains of HIV-1 and SIV Nef are relatively well conserved and are predicted to fold into a discrete globular domain. In contrast, the amino and carboxy termini are less conserved, and these regions are thought to contain extended loop sequences. In addition, these sequences are enriched in short, linear signal sequences (i.e., tyrosine-based motifs, dileucine motifs, and diacidic motifs) that are known to be recognized by components of vesicular coats. SIV Nef contains more amino acids (and more recognition motifs) in both of its flexible termini (Fig. 1) . tion. To accomplish this, Nef alters signal transduction pathways downstream of the T-cell receptor (14, 142) . Specifically, Nef has been shown to affect molecules that participate in T-cell receptor signaling, such as Vav (50), p21-activated kinase 2 (49, 113, 127) , Rac (157), CDC42 (99) , and the DOCK2/ ELMO1 complex (75) . Interactions with the T-cell signaling pathway also lead to the upregulation of Fas ligand (FasL) on the cell surface (166) , which may protect infected cells by promoting apoptosis of neighboring CTLs. To prevent FasL (and tumor necrosis factor alpha [⌻NF-␣]) (10) from causing premature death of the infected cell, Nef may bind to and suppress the activity of ASK1, a kinase that is responsible for transducing apoptotic signals from FasL and the TNF receptor (54) . In addition, Nef inhibits p53-mediated apoptosis (66) and blocks apoptosis via an association with p21-activated kinase and phosphatidylinositol 3-kinases (PI3-kinases) (165) . Nef also protects infected cells from CTLs by reducing the cell surface expression of major histocompatibility complex class I (MHC-I), which is required for CTL recognition.
BIOLOGICAL ACTIVITIES OF HIV-1 Nef
There is a great deal of evidence demonstrating that Nef promotes infection by enhancing the production of infectious HIV virions (51, 60) by at least two mechanisms. First, Nef reduces the expression of the HIV receptor CD4, which can interfere with viral budding and release (87, 132) , and second, Nef increases particle infectivity by another, undefined (but CD4-independent) mechanism (101) .
In addition, Nef may play a role in the spread of HIV-1 through its effects on dendritic cells (DCs). This cell type can capture HIV-1 particles through a DC-specific receptor (DC-SIGN) and later transmit the virus to target cells without becoming productively infected. There is also separate evidence that in some cases, the DCs can themselves become infected (24, 61) . In DCs that have become infected, Nef can upregulate DC-SIGN to promote the efficient spread of HIV infection in cocultures of DCs and T cells (143) . In macrophages, Nef induces the production of the CC chemokines macrophage inflammatory protein 1␣ and 1␤ and other soluble factors to recruit T cells and facilitate productive transmission of HIV infection (153, 154) .
Clearly, there are multiple biological effects associated with expression of the HIV Nef protein, many of which result in enhanced viral replication and spread. More studies are needed to clearly distinguish which of these activities are most important for viral disease pathogenesis in vivo. This review will focus on two of the best understood activities of Nef, its effects on the intracellular trafficking of CD4 and MHC-I.
Nef ALTERS INTRACELLULAR TRAFFICKING PATHWAYS
It has been known for some time now that Nef interacts with a number of proteins associated with intracellular trafficking. Figure 2 highlights the proteins that are thought to bind to Nef and presents their normal role in trafficking. A brief overview of the biology of some of these proteins and their association with HIV-1 Nef is given below. A summary of Nef-dependent protein-protein interactions that have been identified is presented in Fig. 3 .
Adaptor Protein Complexes
The heterotetrameric clathrin adaptor protein (AP) complexes (AP-1, AP-2, AP-3, and AP-4) are components of vesicle coats that mediate intracellular trafficking events in the cell (for a review, see reference 129). APs selectively recruit cargo protein by binding to canonical linear motifs in the cytoplasmic domains, which are typically either a tyrosine-based motif (YXX⌽) or a dileucine motif ([E/D]XXXL[L/I]) (where X is any amino acid and ⌽ is a large hydrophobic amino acid). The specificity of AP recruitment relies in part on the subcellular distribution of the AP complex. For example, AP-1 localizes to the trans-Golgi network (TGN), AP-2 to the plasma membrane, and AP-3 to the endosomes (44, 116, 155, 158) , and they are thought to mediate cargo selection from that location (Fig. 2) .
There is some overlap in the distribution and activity of APs, and therefore, additional accessory proteins likely add to the specificity. For example, amphiphysin, endophilin, epsin, AP180, and Hip1/Hip1R are associated with AP-2 (105). EpsinR (74) , enthoprotin (161) , and possibly Golgi-associated, ␥-ear-containing, ADP-ribosylation factor-binding proteins (44) participate with AP-1. These multiprotein complexes allow AP-1 and AP-2 and their respective accessory proteins to link cargo molecules to clathrin coats to facilitate budding. In contrast, AP-3 appears to mediate the budding of both clathrin-coated and non-clathrin-coated vesicles (114) . Finally, the localized lipid composition is also thought to play a part in AP recruitment, and accordingly, lipid kinases have been implicated in vesicle transport at several intracellular locations (reviewed in reference 42).
Using the yeast two-hybrid system (37, 47, 78, 94, 122) , glutathione S-transferase-Nef pull-down assays (23, 76, 94, 122) , or overexpression of a Nef-CD8 chimera in 293 cells (23) , a number of investigators have found that the HIV-1 Nef protein interacts with adaptin subunits and whole adaptin complexes. A consensus binding domain for adaptin protein binding (D/EXXXLL) (21) can be found in Nef, and this motif is required for glutathione S-transferase-Nef to pull down AP-1 complexes from mammalian cell lysates (23, 76) . In addition, the leucine residues in this motif are required for Nef to downmodulate CD4 but not MHC-I (63, 103) . Thus, the dileucinedependent binding to adaptins appears to be important for Nef's effects on CD4.
V1H
An interaction between Nef and the subunit H (V1H) of the vacuolar membrane ATPase was first noted when this subunit was pulled out of a yeast two-hybrid screen that was set up to find Nef-interacting proteins (100) . Subsequent experiments revealed that this subunit interacts with Nef via the dileucine and diacidic motifs in the C-terminal flexible loop of Nef (59, 100) . Substitution of this loop with the V1H protein creates a fusion protein that actively promotes the destabilization of CD4 at the cell surface (59) . V1H also has a binding site for the 2 chain of AP-2, and it has been proposed that it functions by linking CD4 to clathrin via AP-2 (56).
PACS-1a
Phosphofurin acid cluster sorting protein 1 (PACS-1) was discovered by using a yeast two-hybrid screen to identify proteins that interacted with the cytoplasmic tail of furin, a TGNresident protease (159) . Later, it was shown that PACS-1 binds to AP-1 and AP-3 complexes and that a PACS-1 mutant that did not bind to APs could act in a dominant negative manner to disrupt the trafficking of furin and mannose 6-phosphate recepter (39) . Additionally, there is evidence that PACS-1 and AP-1 bind to vesicle-associated membrane protein 4 (73) , an R-SNARE protein that mediates the transport of vesicles between the TGN and endosomes (144) . Hence, it was proposed that PACS-1 mediates TGN targeting via a retrograde retrieval mechanism in cooperation with AP-1.
The HIV-1 Nef acidic domain also interacts with PACS-1, and dominant negative mutants of PACS-1 reduce the accumulation of Nef and MHC-I in the juxtanuclear region of certain cell lines, suggesting that PACS-1 may be an important cellular partner of Nef (20, 125). 
COP-I
COP-I coatomers play a relatively well-defined role in the retrograde targeting of endoplasmic reticulum (ER) resident proteins, as well as in the sorting of vesicles that transport between stacks of the Golgi cisternae (for a review, see reference 12). Another intriguing yet poorly defined activity of COP-I is its role in the endosomal pathway. COP-I has been reported to bind to endosomal membranes in a luminal pHdependent manner (3, 70) , and it may be involved in endocytic recycling (41) , the biogenesis of multivesicular compartments (69), phagosome formation (18, 22) , and retrograde transport from the plasma membrane to the ER (81, 98) .
An interaction between Nef and ␤-COP, a component of COP-I coatomers, was initially identified using a two-hybrid screen (15) . The domains of Nef that interact with ␤-COP have not yet been well defined, and a stable interaction may require other cellular proteins such as ARF1 (52, 77, 123) . There is evidence that the interaction between Nef and ␤-COP is important for targeting of Nef and CD4 to acidic late endosomes (52) .
Given the number of Nef binding partners, it is apparent that Nef has the potential to control intracellular protein transport at multiple levels. In fact, several groups have reported that Nef induces gross abnormalities in endosomal morphology (47, 76, 101) and that Nef expression increases the amounts of endosomes, lysosomes, and multivesicular bodies (101, 136, 139, 143, 146, 147, 152, 156) .
Nef-MEDIATED DISRUPTION OF MHC-I EXPRESSION Immune Evasion
Antigen presentation by MHC-I provides a mechanism by which a cell can communicate with the extracellular environment-specifically, an infected cell can present foreign antigens to signal the presence of a viral infection. CTLs circulate through the body and survey peptide-loaded MHC-I on the surface of cells via the T-cell receptor. If a foreign antigen-MHC-I complex is detected, several responses in the CTL are triggered (including the release of perforins, granzymes, and proapoptotic factors), which lead to the lysis of the infected cell (for a review, see reference 17).
As with many pathogens that establish a chronic infection, HIV has established ways to subvert the host immune response. HIV-1 Nef reduces the surface expression of MHC-I (141), thus preventing the exposure of viral antigens on the surface of HIV-infected cells. This function allows HIV-infected cells to escape recognition and lysis by anti-HIV CTLs in vitro (33) , and there is evidence that the ability of Nef to disrupt MHC-I antigen presentation is very important for viral disease pathogenesis in vivo (26, 111, 149) .
Reducing the cell surface expression of MHC-I is beneficial in avoiding CTL recognition; however, MHC-I also provides inhibitory signals for natural killer (NK) cells. Thus, infected cells that lack sufficient surface MHC-I expression may become lysed by NK cells (for a review, see reference 112). To perhaps avoid this problem, HIV-1 Nef selectively affects some MHC-I allotypes, while ignoring others. Specifically, Nef preferentially disrupts HLA-A and HLA-B expression (65) but not that of HLA-C and HLA-E (31, 164) . The preservation of these molecules on the cell surface may provide the proper inhibitory signal to avoid viral detection by NK cells (31) . This differential modulation of MHC-I expression can be mapped to a tyrosinebased sequence (YSQAASS) in the cytoplasmic domains of HLA-A and HLA-B allotypes (164) that is not present in HLA-C and HLA-E. As a consequence, Nef may protect the HIV-infected cell from both adaptive and innate cell-mediated immunity (Fig. 4 ).
Molecular Determinants of MHC-I Trafficking Disruption by Nef
Two studies in 1989 first reported the phenomenon of MHC-I downregulation in HIV-infected T cells (84, 137) . Seven years later, Schwartz and colleagues provided the first study describing a possible mechanism for the loss of MHC-I surface expression in HIV-infected T cells and, importantly, determined that HIV-1 Nef was the accessory protein responsible for this effect (141) . It was subsequently demonstrated that this effect of Nef was of sufficient magnitude in primary T cells to protect infected cells from anti-HIV CTL killing (33) .
Mutagenesis studies have revealed functional domains in Nef that are required for its effects on MHC-I trafficking. Disruption of an amphipathic ␣-helix containing a critical methionine residue (R 17 ERM 20 RRAEPA 26 ), an acidic region (163) , highlighting the importance of this interaction. However, it is also possible that these domains serve another role as well. The N-terminal ␣-helix is required for a physical interaction between Nef and the CD4-associated tyrosine kinase Lck (13), the acidic region has been shown to mediate an association with PACS-1 (discussed below) (125) , and the polyproline domain binds with high affinity to the SH3 domains of Src kinases (134) . While these cellular binding partners have been identified, the specific role of these interactions in MHC-I trafficking remains unclear. Sequences in the MHC-I cytoplasmic tail are also required for Nef activity. Mutation of Y 320 , A 323 , and D 327 abrogates responsiveness to Nef. These required residues are present in HLA-A and HLA-B allotypes. However, MHC-I allotypes that do not respond to Nef (i.e., HLA-C and HLA-E) lack one or more of these residues (31, 94) and fail to bind Nef (164).
Trafficking of MHC-I in Nef-Expressing Cells
Many studies from a variety of laboratories have contributed to our understanding of how Nef disrupts MHC-I trafficking, although many key questions remain unanswered. Under normal conditions, MHC-I heavy and light chains are assembled in the endoplasmic reticulum with a short peptide antigen. The concerted efforts of a number of protein chaperones and a specialized peptide transporter ensure that this process occurs efficiently. The properly folded molecules then exit the ER and are further modified in the Golgi apparatus. The mature molecules are then phosphorylated on their cytoplasmic tails in a post-TGN compartment.
In HIV-infected primary T cells, immunoprecipitates of endogenous HLA-A2 contain Nef (130) . The binding site on MHC-I that interacts with Nef has been mapped to the same region that is required for responsiveness to Nef (YSQAASS) in the cytoplasmic domains of HLA-A and HLA-B allotypes (164) . It is thought that Nef initially binds to MHC-I molecules in the ER, because Nef is found in a complex with immature forms of MHC-I and the ER chaperone tapasin (83) . However, despite the binding of Nef in the ER, the rate of MHC-I transport through the ER and medial Golgi apparatus is not affected by Nef expression (130, 141) . The lack of effect of Nef binding on MHC-I trafficking through the early secretory compartment can be explained by the requirement for a host factor that binds the Nef-MHC-I complex later in the secretory pathway and is consistent with the model that AP-1 binds the Nef-MHC-I complex in the TGN (130) . The MHC-I cytoplasmic tail is not phosphorylated in the ER (46, 95) , and because Nef preferentially binds to unphosphorylated MHC-I cytoplasmic tails, it has been proposed that Nef specifically targets early forms of MHC-I that are being newly loaded with peptide antigens (83) .
Multiple studies have demonstrated that in HIV Nef-expressing cells, MHC-I accumulates in the region of the TGN, especially in ␥-adaptin-positive structures (Fig. 5) (64, 94) . However, it remained unclear for some time whether MHC-I accumulated in the TGN as a result of retrograde transport of internalized MHC-I, whether HIV Nef disrupted transport of newly synthesized MHC-I and blocked its exit to the cell surface, or whether HIV Nef affected both pathways. Data from a number of groups have documented that HIV Nef decreases the half-life of cell surface MHC-I. These investigators have utilized different HIV nef alleles, different methods of expressing HIV Nef, and different cell lines to demonstrate this. An effect of HIV Nef on the half-life of cell surface MHC-I was first demonstrated in a CEM T-cell line selected to stably express the HIV nef AO1 allele, and cell surface MHC-I was detected with an antibody that is "pan-MHC-I" in that it detects all the class I heterodimers (including HLA-C and HLA-E, which do not respond to Nef) (140) . In separate studies, IMR90 fibroblasts (64) and 293 human embryonic kidney cells (125) transiently transfected with Na7 Nef were found to take up surface MHC-I bound to a pan-MHC-I antibody as detected by a nonquantitative, indirect immunofluorescence assay. Additionally, HeLa cells transiently transfected with LAI Nef were found to internalize the MHC-I allotype HLA-A2 as detected by an allotype-specific monoclonal antibody. However, in quantitative comparative studies, those authors demonstrated that the Nef-dependent internalization rate of HLA-A2 was small compared to the constitutive internalization rate of an HLA-A2 mutant with a canonical endocytosis signal (93) , More recent studies revealed that HeLa cells expressing HXB-2D Nef introduced via a vaccinia virus internalize total surface biotinylated MHC-I more rapidly than control cells. However, after 15 min, only about 10% of total MHC-I had been internalized, compared with 60% of CD4 internalized over that same period (20) . Two studies have shown that NL4-3 Nef (89) and NA7 Nef (151) tors or via bona fide HIV infection internalized the HLA-A2 allotype of MHC-I to a limited degree (82, 83, 163) . Because the dramatic effect of NL4-3 and HXB Nef on steady-state levels of HLA-A2 in HIV-infected primary T cells (33) seemed inconsistent with the modest effects of Nef on surface MHC-I half-life, additional experiments were performed. Direct comparison of the degree to which HXB and NL4-3 nef alleles affected MHC-I cell surface stability versus transport of newly synthesized MHC-I to the cell surface revealed that Nef had more dramatic effects on the transport of MHC-I to the cell surface (82, 83, 130, 163) . Indeed, according to these studies, transport of newly synthesized HLA-A2 to the cell surface was reduced by 80 to 90% in Nef-expressing cells. These comparative studies were performed with T-cell lines and primary T cells expressing NL4-3 or HXB Nef in various ways, including via replication-defective adenovirus vectors and bona fide HIV infection (82, 83, 130, 163) .
In sum, although the most recent evidence suggests that HIV Nef primarily affects the forward transport of MHC-I to the cell surface, the comparatively small effect of HIV Nef on MHC-I cell surface half-life likely also contributes to the reduction of MHC-I levels in infected cells. In addition, it is important to note that additional studies may reveal that other cell types that are natural targets of HIV infection (such as macrophages) or other HIV or SIV nef alleles may utilize these two pathways to different relative degrees.
One manifestation of Nef's effects on MHC-I forward transport is that Nef expression dramatically inhibits phosphorylation of MHC-I (83), which normally occurs in a post-TGN compartment (25, 46, 95) . MHC-I molecules that escape Nef's effects at the TGN and reach the cell surface do not bind Nef well, presumably because they are phosphorylated on their cytoplasmic tail domains (83) . The MHC-I molecules that bind Nef are ultimately not simply blocked from TGN exit but rather directed from the TGN to lysosomes for degradation (130, 141) (Fig. 6 ).
Nef Reroutes MHC-I via AP-1 Recruitment
The intracellular trafficking pathway followed by MHC-I in Nef-expressing cells suggested that Nef may affect sorting of MHC-I at the TGN by recruiting a cellular trafficking protein that normally sorts proteins in this organelle. For example, the clathrin adaptor protein complex AP-1 normally functions by binding to signals in the cytoplasmic tails of proteins in the TGN, thereby sorting these proteins into specific clathrincoated transport vesicles destined for the endolysosomal pathway (Fig. 6) . Consistent with such a model, depletion of AP-1 by RNA interference (RNAi) blocks the Nef-mediated disruption of MHC-I transport in astrocytic cells, T cells, and HeLa cells (130) . Moreover, AP-1 coprecipitates with MHC-I and Nef in HIV-infected primary T cells (130) .
The involvement of AP-1 in Nef-mediated MHC-I trafficking was in some ways quite unexpected, because several studies have reported that Nef binds to AP-1 via a dileucine motif (EXXXLL 165 ) (23, 37, 47, 63, 76, 78, 94, 122) and this motif is dispensable for Nef-mediated MHC-I transport (103) . However, the explanation for this apparent discrepancy was that 
Cell Type Specificity
Although Nef recruits AP-1 to the MHC-I cytoplasmic tail to reroute MHC-I from the TGN to lysosomes in T cells, in other cells types (for example, in HeLa cells), Nef does not efficiently block MHC-I export (20, 82, 83) , nor does Nef induce MHC-I degradation (20) . Thus, in these cells, the endocytic pathway appears to be the primary route that Nef utilizes to affect MHC-I (20, 82) . Accordingly, the effect of Nef on MHC-I surface expression is much less in these cells than in T cells, which utilize both pathways (82) . While this endocytic effect of Nef has been the primary focus of Nef activity in the literature, it does not appear to be the primary mechanism by which MHC-I is eliminated from the surface of HIV-infected T cells (82, 83, 130, 163) .
The explanation for why Nef is able to disrupt MHC-I transport more efficiently in T cells than in HeLa cells is related to differences in the rate at which MHC-I is transported through the secretory pathway (83) . In T cells, MHC-I is transported more slowly from the ER and through the Golgi apparatus, whereas in HeLa cells, this process happens much more quickly (83) . When transport rates are reduced in HeLa cells (by reducing the temperature at which they are cultured), Nef acquires the ability to disrupt MHC-I transport to the cell surface, and interestingly, this disruption of MHC-I export correlates with the efficient recruitment of AP-1 to the MHC-I cytoplasmic tail (83) . Thus, though other explanations remain possible, the data are consistent with the model that recruitment of AP-1 in the Golgi apparatus is rate limiting and that low transport rates allow this process to occur more efficiently.
Because Nef appears to affect MHC-I both in the secretory pathway and at the cell surface, it is important to know whether the two pathways are functionally related. Indeed, the depletion of AP-1 by RNAi inhibits Nef activity in both pathways (83) . The mechanism for AP-1 action in the secretory pathway has been discussed; however, the apparent role of AP-1 at the plasma membrane is unclear. Because AP-1 has no reported role in endocytosis, a more likely explanation might be that Nef binds MHC-I in an internal compartment (i.e., early/recycling endosome) and the recruitment of AP-1 sequesters MHC-I and prevents its recycling. MHC-I that enters this route could then be transported to the TGN or targeted to an acidic compartment for degradation. From the perspective of viral immune evasion, the utilization of multiple pathways to eliminate surface MHC-I would be extremely beneficial to the virus. Any molecules that might escape the early transport block exerted by Nef could be removed by Nef activity at the plasma membrane, providing a backup to ensure effective suppression of antigen presentation.
Other Cellular Factors
The Nef acidic domain is required for Nef to disrupt MHC-I trafficking and is required for Nef to coprecipitate with MHC-I (163). This domain is also necessary for Nef to bind to the cellular adaptor protein PACS-1a (125), a protein required for the TGN localization of furin (159) . Furthermore, a dominant negative mutant of PACS-1a blocks Nef activity on MHC-I in HeLa cells (39) . Thus, it is tempting to speculate that this protein might contribute to the steady-state accumulation of MHC-I and/or Nef in the TGN (Fig. 6) . PACS-1a also binds to AP-1 (39); however, it does not appear that PACS-1a links AP-1 to the Nef-MHC-I complex, because the acidic motif in Nef is dispensable for AP-1 recruitment in the context of an A2/Nef fusion protein (130) . This result does not completely rule out the possibility that PACS-1a may participate in the stabilization of the Nef-MHC-I-AP-1 complex when Nef and MHC-I are not fused together. Additional experiments are necessary to understand the specific involvement of PACS-1a in this pathway.
Studies performed with HeLa cell lines have suggested that Nef may target MHC-I into a clathrin-independent pathway from the cell surface that is mediated by the GTPase ARF6 (20) and which is involved in the turnover of MHC-I from the cell surface in other systems. The requirement for ARF6 appears to be independent of the status of its associated guanine nucleotide (89) . Interestingly, other evidence suggests that Nef can associate with another related GTPase (ARF1) independently of GTP loading/hydrolysis (52) . Because studies have suggested that the major effect of Nef on MHC-I in T cells is to redirect trafficking from the TGN (82, 83, 130, 163) , the significance of ARF6 for HIV biology in T cells requires further study. It is possible that other natural targets of HIV infection (e.g., macrophages or dendritic cells) or other nef alleles utilize this pathway to a greater degree.
In addition, the Nef polyproline helix (P 69/72/75/78 ) is needed for Nef to disrupt MHC-I (but not CD4) trafficking and for Nef to coprecipitate with MHC-I (64, 103, 163) . This domain is also needed for the high-affinity binding and activation of Src family kinase members (4, 13, 91, 134) . Interestingly, the overexpression of the Hck SH3 domain inhibits the effect of Nef on MHC-I trafficking (27) . However, an important role for tyrosine kinases in Nef-mediated MHC-I transport seems unlikely, because inhibition of tyrosine kinase activity has no effect on Nef-dependent MHC-I transport in T cells (103) . In addition, mutation of P 78 , which is not essential for SH3 domain binding, has a more dramatic effect on MHC-I trafficking than mutation of the other prolines (128, 163, 167) . It has been reported that binding of the SH3 domains of either c-Src or Hck to Nef has a major impact on the conformation of the N-terminal anchor domain of Nef (5) . Thus, the polyproline domain in Nef may have an important structural role that could also affect protein stability (36) . Because higher Nef levels are required for Nef to affect MHC-I compared with CD4 (96), structural defects may affect these activities differently. Finally, the polyproline helix is located along a solventexposed region directly downstream of the acidic motif (E 62-65 ) (55). Thus, mutagenesis of the polyproline domain could have allosteric effects on the conformation of the acidic stretch (or vice versa). PI3-kinase has also been implicated in the effect of Nef on trafficking of MHC-I (20, 89, 148) . Extended treatments with chemical inhibitors of PI3-kinase (i.e., wortmannin or LY294,002) restore MHC-I expression to Nef-expressing cells (148) . In shorter assays, inhibitors of PI3-kinase did not rescue MHC-I transport to the cell surface from the TGN (82), but they did change the distribution of MHC-I localization within intracellular compartments (89) . Interestingly, the defect caused by mutation of the central polyproline helix in Nef was rescued in HeLa cells by fusion of the mutant to a constitutively active PI3-kinase (20) . Thus, PI3-kinase activity appears to be required for an as-yet-undefined transport step within the endolysosomal pathway that ultimately leads to MHC-I retention and degradation. In the absence of PI3-kinase activity, MHC-I trafficking is disrupted, but in such a way that MHC-I can eventually find its way back to the cell surface. Clearly, the exact role of lipid kinase activity in Nef-dependent MHC-I transport is complex and requires further study.
DISRUPTION OF CD4 TRAFFICKING BY Nef
The CD4 protein is a coreceptor required for HIV infection. However, its continued presence on the surface of an HIVinfected cell after viral entry is problematic for several reasons. Because of their capacity to form a complex, coexpression of CD4 and the viral envelope disrupts the trafficking of both proteins. Moreover, the presence of CD4 on the cell membrane reduces the ability of the newly formed particle to properly bud and escape the infected cell and therefore reduces viral infectivity. HIV-1 counteracts this effect with the activities of two viral proteins, Vpu and Nef (87) . There is general agreement, based on work from a number of labs, that Nef does not have much of an effect on the transport of CD4 to the cell surface but that it dramatically decreases the half-life of CD4 that has reached the cell surface. Ultimately, Nef targets CD4 for degradation in an acidic compartment. The experiments underlying this model have been the subject of other excellent reviews (7, 43, 124 ) and so will not be discussed in detail here.
Nef Binds to CD4
To decrease the half-life of CD4 on the cell surface, it is thought that Nef binds the cytoplasmic tail of CD4. Indeed, Nef has been shown to bind to the CD4 cytoplasmic tail in yeast two-hybrid assay systems (133) , in purified protein assay systems (68, 71, 126) , in cell lysates (80) , and in living cells (16, 30) . An NMR structural analysis demonstrated that the direct physical interaction occurred between a hydrophobic pocket in the Nef core domain and a 13-amino-acid peptide (QIKRLL SEKKT) from the CD4 cytoplasmic tail (68) . This in vitro interaction was quite weak (with a dissociation constant of 1 mM) but highly specific, as the disruption of the dileucine motif in this peptide abrogated the association (68) . A complex of full-length Nef with the CD4 cytoplasmic tail was found to be more stable, with a dissociation complex in the submicromolar range, and suggested that other amino acids in the N terminus contributed (126) . In vivo there may be other factors that further stabilize and alter this interaction, because the dileucine motif was not needed when the interaction was detected in vivo (16, 30) .
The Nef Flexible Loop and Its Binding Partners
There are three domains in the C-terminal flexible loop that are required for Nef's ability to downregulate CD4: a dileucine motif (EXXXLL 165 ) and two diacidic motifs (EE 155 and DD 175 ). The roles of the dileucine motif and the diaspartic acid motif are clear: the mutation of these domains completely abrogates Nef activity. However, the role of the diglutamic acid motif is controversial-one paper reported a requirement for this sequence, while another study saw no effect (77, 123) . Several models for Nef-mediated CD4 transport exist, each based on a familiar premise: Nef binds to the cytoplasmic tail of CD4 and recruits a cellular factor(s) to transport CD4 from the cell surface to lysosomes for degradation. Several potential cellular factors have been proposed, based on the correlative data that mutations that effect their binding are also necessary for Nef activity: V1H binding requires the dileucine and diaspartic acid motifs (56, 59, 102) , AP-2 binding requires the dileucine motif (37), and both ARF1 binding and ␤-COP binding require the diglutamic acid motif (52, 123) (although not all investigators have observed this dependency [77] ).
To address which of these interactions are functionally important, investigators have begun measuring the effect of reducing protein expression by RNA interference. Unfortunately, using this approach, different conclusions have been made by different investigators as to whether or not AP-2 expression is required for Nef's effects on CD4. Rose and colleagues reported that eliminating AP-2 by RNAi does not affect CD4 downregulation by HIV-1 Nef, even though this treatment inhibited CD4 downregulation by SIV Nef and blocked transferrin receptor internalization (131) . The fact that SIV Nef responded differently might be explained by the presence of N-terminal tyrosine residues that bind AP-2 (102, 122) , which are absent from HIV-1 Nef (Fig. 1) . In contrast, two other studies reported that AP-2 expression does affect HIV Nef activity (79, 145) , although Jin et al. observed a dependency on AP-2 only when Eps-15 activity was also inhibited (79) .
The role of V1H may be linked to that of AP-2, as V1H binds to the medium chain of AP-2 and may connect Nef to the endocytic machinery by this route (59) . The effect of reducing V1H protein expression on Nef activity has not yet been reported.
The role of ␤-COP in normal or Nef-mediated endosomal transport is not well understood. There is evidence that the late endosomal targeting of CD4 and Nef depended on the diglutamic acid motif (52, 123) . In addition, the coprecipitation of ␤-COP, ARF1, and Nef was detected in HeLa cells by using overexpressed proteins, and this complex was partially reduced when the Nef diglutamic acid motif was mutated (52) . However, because not all investigators have observed this dependency (77) , further work is required to clearly understand the function of ␤-COP in this pathway. Specifically, this model would be greatly strengthened by the demonstration that these molecules are actually recruited to the CD4 tail in Nef-expressing cells.
Several experiments examining the mechanism of Nef-dependent CD4 transport have been performed with adherent cell lines that do not express Lck, a primary regulator of normal CD4 surface expression (104, 106, 107, (117) (118) (119) (120) (121) . There is evidence that nonlymphoid cells (and lymphoid cells lacking Lck) constitutively internalize and recycle CD4, whereas in T cells, the expression of Lck anchors CD4 to the cell membrane (117, 120) . Although the details are unclear, several studies have reported that the CD4-Lck physical interaction may affect or be affected by Nef binding (11, 62, 86) , and interestingly, the exogenous expression of Lck has been reported to affect Nef activity either positively in Jurkat and U937 cells (11) or negatively when overexpressed in COS-7 cells (60) . Thus, the CD4-Lck complex at the plasma membrane may be a critical target for Nef in this pathway. (Alternatively, it is possible that the dynamics of the CD4-Lck complex may change upon T-cell activation in such a way that it has less of an impact.) The HIV-infected, activated primary T cell presents a rather unique subcellular environment and is the most relevant system to understand Nef-mediated CD4 trafficking. Accordingly, the multiple events in CD4 transport that have been observed in Nef-expressing adherent cells may become more clear when fundamental differences in experimental systems are accounted for.
In sum, Nef is a multifunctional protein that binds to a number of cellular factors using protein domains that must also be intact for Nef to affect CD4 expression. Direct evidence that these cellular proteins exist in a complex with CD4 in Nefexpressing cells is needed to provide substance to the proposed models. A summary of the proposed mechanisms by which Nef affects CD4 expression is presented in Fig. 7 .
PERSPECTIVES AND FUTURE DIRECTIONS
The results of the intense study of HIV-1 Nef have raised several important questions about its effects on protein trafficking. The next few sections will discuss some of the important issues that arise regarding Nef activity.
Nef Affects the Transport of Multiple Cellular Proteins
The list of proteins affected by Nef has continued to grow over the past several years. To date, Nef has been reported to decrease the cell surface expression of MHC-I, MHC-II, CD4, CD28, transferrin receptor, mannose receptor, CD80, CD86, CD8, and CCR5 and to increase the expression of TNF, LIGHT, DC-SIGN, and the invariant chain (2, 28, 88, 101, 139, 141, 143, 145, 147, 152, 156) . The modulation of some of these proteins (e.g., MHC-I and CD4) clearly has an impact on HIV biology. However, a complete understanding of the biological significance and the mechanism by which Nef affects the expression of each of these proteins will require further study.
Nef-Induced Alterations in Protein Transport and HIV Infectivity
It is clear that Nef commandeers several pathways of intracellular protein trafficking. Because HIV assembles and buds from cellular membranes, does Nef modulate protein transport to play an active role in viral assembly? This question has not been explored in great detail, but interestingly, Nef increases the infectivity of viral particles, and this phenotype requires residues in the C-terminal flexible loop that are known to be involved in binding to APs (35, 101, 102, 109) . Reduction of CD4 expression on the producer cell (and on the budding viral particles) by Nef clearly augments viral infectivity. However, because effects of Nef on viral infectivity can be demonstrated in CD4-negative viral producer cells, Nef must serve another, as yet poorly understood role (115) . Nef is incorporated into HIV particles (162) , indicating that Nef is present at the site of particle production. Nef associates with lipid rafts, and it appears that this may contribute to the Nef-dependent increase in viral infectivity (168, 169) . Thus, it is possible that Nef affects the protein transport of HIV factors (i.e., Gag and Env) or cellular factors to promote viral assembly and/or budding. In support of this idea, a recent study reported that Nef affected the membrane trafficking and proteolytic processing of HIV Env (138) . Also, it has been reported that Nef binds to Gag-Pol via the C-terminal flexible loop (34) . Finally, Nef was recently shown to increase the localization of viral glycoproteins on endosomal membranes in producer cells and to also increase the incorporation of these molecules into viral particles (135) . More experiments should be performed to monitor the intracellular trafficking of Gag, Env, and cellular proteins that play a role in virus production and release.
Recruitment of Adaptor Proteins by Nef
Nef binds to the cytoplasmic domains of both MHC-I and CD4, yet Nef affects MHC-I primarily by disrupting its transport to the cell surface (82, 83, 130, 148, 163) , whereas Nef's effects on CD4 result largely from accelerating the internalization and degradation of CD4 molecules that have already arrived on the cell surface (7, 43) . What are the factors that distinguish between these pathways, given that they both rely on Nef binding to a cytoplasmic tail? One possibility could be that Nef affects proteins differently depending on where it is able to bind them. For example, Nef binds hypophosphorylated MHC-I early in its biosynthesis and before it has reached the cell surface (83) . Thus, Nef may promote MHC-I association with AP-1, because AP-1 is also found within the secretory pathway. Likewise, Nef might recognize CD4 only at the plasma membrane (perhaps in association with Lck), and thus binding to it would logically promote its association with the adaptor protein found at this location, AP-2 (Fig. 8) . Another possibility might be that adaptor protein recruitment is dictated by sequences in Nef as well as in its binding partner(s). Consistent with this model, it has been shown that sequences within MHC-I are required for a Nef-MHC-I fusion protein to recruit AP-1 to the Nef-MHC-I complex (130) . In addition, reduction of the T-cell receptor CD3 complex by SIV Nef (HIV Nef is not known to have this activity) requires a cooperative interaction between SIV Nef, AP-2, and the CD3-zeta cytoplasmic tail domain. Thus, the use of sequences within the host protein to facilitate recruitment of trafficking partners may be a general paradigm that potentially helps explain how Nef proteins are able to affect multiple different host proteins in different ways (150) .
The Nef dileucine motif and AP binding. A perplexing issue regarding CD4 downregulation by HIV-1 Nef is the exact role(s) of the Nef dileucine motif. This domain is clearly required for Nef activity; however, many different APs have been reported to interact with this domain, and so it is unclear exactly which is required. The isolation of a protein complex containing Nef, CD4, and a dileucine binding protein would be extremely helpful in this regard. Unfortunately, such a complex may be transient, making it difficult to detect. The reduction of AP-1 and AP-3 by RNA interference does not affect Nefmediated downregulation of CD4 in astrocytes or T cells (130) , and (as discussed above) the reduction of AP-2 expression by RNA interference has yielded conflicting results. Thus, it is possible that a single adaptor protein alone is not responsible for disruption of CD4 trafficking but that multiple proteins are (130) . At this stage it is unclear which and how many amino acids directly participate in binding, and it is unclear exactly how the three-way complex forms. It is possible that (i) residues from Nef and MHC-I cooperatively form a novel AP-1 binding site, (ii) Nef (or MHC-I) may recruit other factors that mediate AP-1 binding indirectly, or (iii) the interaction between Nef and MHC-I may induce conformational changes to reveal a cryptic AP-1 binding site. In addition, it will be important to determine whether the cytoplasmic tail domains of other cellular partners of Nef participate in the recruitment of adaptor proteins.
To fully understand the nature of the Nef-MHC-I-AP-1 complex, it will also be necessary to better understand the requirements for AP-1 recruitment and functional activity. For example, is the normal YXX⌽ binding site on AP-1 (72) utilized? Is the activity of the GTPase, which is normally required for adaptor protein association with membranes (ARF1), required? Do associated membranes require a particular phosphatidylinositide content (38) ? Is there a role for the Golgi resident phosphatidylinositol 4-kinase (PI4KII␣), which generates PI(4)P in the TGN, to facilitate AP-1 recruitment (160)? Further definition of the factors that mediate AP-1 recruitment and vesicle targeting (i.e., SNARE proteins or additional adaptors) would be extremely helpful to fully understand Nef activity as well as the normal cell biology of AP-1.
In addition, it would be very interesting to determine whether Nef targets MHC-I into a completely novel pathway or whether there are certain circumstances in which MHC-I normally utilizes an AP-1-dependent pathway. The same tyrosine residue in MHC-I that participates in AP-1 recruitment in the presence of Nef is also required for efficient crosspriming (antigen presentation of exogenous peptides). Thus, there may be certain circumstances in which there is AP-1-dependent transport of MHC-I into phagolysosomal compartments in antigen-presenting cells (97) .
Nef stabilizes the membrane association of APs. Brefeldin A (BFA) is a fungal metabolite that uncouples the ARF1 GDP-GTP cycle. In cells treated with BFA, AP-1 and AP-3 become cytosolic due to the inability of ARF1 to recruit these complexes to the membrane. However, Nef promotes the stable association of AP-1 and AP-3 with membranes even in the presence of BFA, suggesting that Nef can recruit APs independently of ARF1 activity or that it can stabilize the recruited molecules after ARF-dependent attachment of the complexes to membranes (32, 76) . The abnormal association of APs with membranes has been proposed to alter endosomal morphology and possibly to increase viral infectivity. In support of this idea, the dileucine motif is required for both the persistent AP membrane association and Nef-dependent increase in viral infectivity in cells that lack CD4 (101) . Further experiments are necessary to determine the relevance of this correlation and to determine the role of AP membrane stabilization in Nef-mediated protein trafficking.
Molecular Therapeutics Targeting Nef Activity
It is clear from work from many laboratories that the biological function(s) of Nef is likely to increase the pathogenicity of HIV. Thus, pharmaceutical reagents aimed at blocking Nef activity are likely to be effective treatments. For example, the targeted disruption of the Nef-MHC-I complex would block the inhibition of antigen presentation in HIV-infected cells, and as a consequence, the HIV-specific CTL response may be able to better control HIV infection. In conjunction with highly active antiretroviral therapy, inhibition of Nef could increase our chances of achieving our long-term goal of providing a cure for those suffering from HIV disease.
